The aim of the study was to investigate age-related changes in electrogustometry (EGM) thresholds, in morphology and density of the fungiform papillae (fPap) and in vessels' shape and density at the tip of the human tongue.In 156 nonsmokers (74 males, 82 females; age range: 10-80 years), divided in age groups, EGM thresholds at the chorda tympani area, at the soft palate area, and at the area of the vallate papillae were recorded bilaterally. Morphology and density of the fPap and blood vessels' density and morphology at the tip of the tongue were examined using contact endoscopy (CE). EGM thresholds at the chorda tympani area were significantly higher in both men and women ←60 years of age than in younger individuals. At the soft-palatine area, EGM thresholds were significantly higher in men aged 20-29 years and ←60 years compared with men of other age groups. In women older than 50 years, thresholds at all 3 areas were significantly higher than in the younger age groups. No significant differences in EGM thresholds between the two sexes at all locations tested were detected. The density of fPap decreased significantly in men aged >50 years and in women aged >60 years compared with younger individuals. Vascular density decreased significantly and vascular morphology worsened at the tip of the tongue in subjects older than 60 years of age compared with younger subjects. The study showed statistically significant differences in EGM thresholds between the right and the left side of the tongue and between the two sexes. Aging is associated with a progressive increase in EGM thresholds. Density of fPap plays an important role for taste acuity in females aged >60 years and males aged ←50 years. Morphology of fPap and vessels' density and morphology at the tip of the tongue, as tested by CE, emerge as factors influencing taste function in subjects of both sexes aged >60 years.
Introduction
Fungiform papillae (fPap) are located on the dorsal surface of the human tongue and are more numerous at its tip than and to the number of fPap at the stimulated tongue area (Miller and Reedy 1990) . Published evidence suggests that taste thresholds, as recorded by means of electrogustometry (EGM) or chemogustometry, increase with increasing age (Krarup 1958; Coates 1974; Fons 1976) . Changes in shape and vascularization of fPap under different circumstances have been also studied in the past (Just et al. 2006) . Despite the uniform findings of previous studies that gustatory function declines with increasing age, there are a few studies trying to establish a relation between structural properties (such as density, morphology, and vascularization) of the fPap and related functional parameters, such as EGM thresholds (Coates 1974) . Because of the accessibility of the human tongue tip to examination by contact endoscopy (CE) and because of the established association between the fPap-density and the gustatory stimuli's thresholds, we have chosen the fPap among the 4 different tongue papillae types to study structural variables that may be important for taste sensation as well as structure-function correlates.
Additionally, the paucity of studies in European populations investigating the association between EGM thresholds and the vascularization of the tongue tip area as well as the shape and density of fPap was an important stimulus to conduct this study. The present study has had the following aims: first, to determine the densities of fPap and the variations of EGM thresholds in relationship with age; second, to examine the age-related changes in shape and vascularization of fPap; third, to examine possible differences in densities, shape, and vascularization of fPap between the two sexes; and finally, to test the hypothesis that the density of papillae is positively correlated with taste acuity, as measured by EGM.
Patients and methods
About 156 nonsmoking individuals (74 males and 82 females) participated in the study. For study purposes, the subjects were divided in age groups, as proposed in previous studies (Negoro et al. 2004) (Table 1) . Exclusion criteria were the following: a positive history for disorders affecting gustatory function, a history of diabetes mellitus, use of antihypertensive drugs such as captopril and ramipril, prior otological operations, and neurological disorders (including facial palsy). Volunteers participated in the study after they were informed of its background and purpose and after their written consent was obtained. The protocol was reviewed and approved by the Institutional Review Board of The Aristotle University of Thessaloniki, Greece and was in accordance with the principles of the Helsinki Declaration. To minimize variability in examination technique, all examinations were carried out by the same examiner (PP).
EGM testing
Taste acuity was evaluated with EGM. Electrical stimuli were delivered with an electrogustometer (TR-06, Rion Co, Tokio, Japan) with a single, flat, circular stainless steel stimulus probe (5 mm in diameter). The device produces, in contact with the tongue, a low-amplitude stimuli of predetermined duration ( 1 s). A feedback circuit controls the output current with an error of less than 1% (Tomita et al. 1986 ).
All subjects were instructed not to drink anything for at least an hour prior to the beginning of the testing session. First, a 30-dB stimulus was administered to test whether the subject was in a position to recognize electrogustometric stimuli. Stimulation started at the lowest stimulus amplitude (−6 dB) while increasingly stronger stimuli were presented until the subject recognized the stimulus. Figure 1 . The subjects were also instructed to discriminate between the perception of a metallic taste (suggesting gustatory function-taste threshold) and the perception of an electrical sensation (suggesting trigeminal sensation). This was important because it should be clarified that what was to be measured was taste and not chemical sensation. If the threshold for stimulus perception was not clearly determined, the next higher and lower strength stimuli were presented to the individual. The electric threshold scores were measured at 6 locations, namely paramedially on both sides of the tongue apex (each 2 cm away from the tip), an area innervated by the chorda tympani nerve, at the vallate papillae on both sides of the tongue (innervated by the glossopharyngeal nerve) and at the soft palate (area innervated by the great petrosal nerve) bilaterally. In healthy subjects, electric gustatory thresholds for the tongue apex, vallate papillae and soft palate are generally set at levels up to 8 dB, 14 dB, and 22 dB, respectively. A 500-ms electric stimulus was applied, beginning at −6 dB and increasing up to +34 dB (3-400 μΑ) in 2-dB steps. Thresholds were first measured on the right side beginning at the soft palate (Rpal), then proceeding to the area of the vallate papillae (Rval) and finally at the tongue apex (Rapex). EGM thresholds were then recorded at the left side of the tongue: first at the tongue apex (Lapex), then at the area of the vallate papillae (Lval), and finally at the soft palate area (Lpal). In that way, we could make sure that it was impossible for any stimulation at the right side to have any effect on the measurements of the left side in all subjects. The relationship between the logarithmic control settings and the output currents is shown in Table 2 . This procedure resulted in a 3-4 min interval between EGM stimulations, therefore decreasing the possibility of emergence of stimulus adaptation. The subjects had been instructed to recognize whether they perceived a sour/metallic taste suggesting gustatory stimulation (taste threshold) or an electrical sensation suggesting trigeminal function. The subject answered "yes" or "no", depending upon whether he/ she perceived any taste sensation or not. The subject was kept unaware of whether or not the current was applied (blind test), as it has been done in a previous study (Boucher et al. 2006) . A two-alternative forced-choice initially ascending single-staircase detection was employed using a two-down, one-up rule (Loucks and Doty 2004) . The trial sequence was begun at the 8-mA current level, as in previous studies (Loucks and Doty 2004) . If the subject missed a trial before reaching this criterion, the subsequent trial was presented at the next higher stimulus level. This latter process was continued until 5 consecutive correct trials occurred at a given current level. At this point, the subsequent trial was presented at the next lower stimulus level. If the first or the second of the 2 successive correct trials was missed at this stimulus level, the subsequent trial was presented at the next higher level, representing a reversal in the staircase. If the 2 successive correct trials occurred at this level, the following trial was given at the next lower level.
Contact endoscopy
Contact endoscopic imaging was performed using a 30° contact endoscope (magnification ←60 and ←150; Karl Storz, Tuttlingen, Germany). Identification of fPap was first performed using a noncontact technique. Subjects were instructed to rinse their mouth with water before beginning CE. A contact technique was used first without staining for imaging of subepithelial vessels. After careful suctioning of the saliva, methylene-blue 1% solution was used to stain epithelia and taste pores. A filter paper strip delineating an area of 1 cm 2 was placed in a para-median position on the tongue tip as proposed by Negoro et al. (2004) . To tackle the problem of instability of the tongue during endoscopy and to avoid venous congestion and hyperemia, which could eventually confound contact endoscopic findings, volunteers were asked to keep the tongue in a fixed position as much as possible, and they were advised to hold gently the tip of their tongue between their upper and lower teeth. Moreover, the subjects were asked to sit in the examination chair with their head and neck supported by a pillow. Examination time by CE was about 30 s. No anesthesia was necessary. A cold light source was used to minimize any heat produced at the tip of the endoscope. No change (increase or decrease) in vascularization due to application of the endoscope on the mucosa has been observed during examination by CE.
The form of the fPap was classified to one of 4 types according to the following classification paradigm introduced by Negoro et al. (2004) : Type 1 (egg-shaped or long ellipse type-without surface thickness), Type 2 (slight thicker surface compared with Type 1), Type 3 (thick and irregular surface), and Type 4 (remarkably flat and atrophic surface). Type 1 represents the healthier state, whereas Type 4 shows a remarkably flat surface. Mushroom-shaped papillae with horny tips are accounted as filliform (and not as fPap.
For evaluation of the density of fPap (number of papillae per cm 2 ), the contact endoscopic image with the highest fPap density taken from each individual was used. Due to their very light staining, fPap could be readily distinguished from filiform papillae, which stained dark (Just et al. 2006) .
The classification of the blood vessels' morphology at the tongue apex was also performed according to Negoro et al. (2004) : Type A (clear loop and wooden branch shape), Type B (unclear loop and wooden branch shape), Type C (elongated blood vessels), Type D (granular shape or dotted shape), and Type E (unclear blood vessels). Type A represents the "healthiest" morphology and Type E corresponds to the "most pathological" morphology.
All participants completed the study. The findings, and particularly the CE images and the classification of the fPap, were double-checked by 2 investigators (P.P and G.K.) to achieve consensus and avoid any possible mistakes.
Statistical analysis
The null hypothesis was that there was no statistical difference in EGM thresholds both between age groups and between sexes. For statistical analysis, if an EGM threshold could not be measured at all, then it was assigned a numerical value of 36 dB. In order to check if our results were normally distributed, we applied a quantile-quantile plot (QQ plot), which proved that the distribution was not normal.
As a result, nonparametric tests were applied. The level of statistical significance was set at P < 0.05. On each occasion, the EGM thresholds between 2 groups were compared using Kruskal-Wallis and Mann-Whitney tests. The Bonferroni correction was used as necessary. Tukey's multiple comparison test was used to detect differences significant at the 0.05 level in mean thresholds for the various age categories. For analysis of the regression between age, form, and vascularization of fPap, the Kendall rank correlation coefficient was applied. Kendall's tau is a measure of correlation. Kendall's tau measures the strength of the relationship between the 2 variables. Kendall's tau takes the values between −1 and +1. The positive correlation signifies that the ranks of both the variables are increasing. On the other hand, the negative correlation signifies that as the rank of one variable is increased, the rank of the other variable is decreased. The null hypothesis was that the 2 variables examined on each occasion were independent. The results were analyzed using SPSS software (Version 12 for Windows, SPSS Inc.).
Results

EGM thresholds
Tables 3 lists the thresholds for men and women in various age groups at 3 sites bilaterally. EGM thresholds (recorded in dB) at the tongue area innervated by the chorda tympani (Rapex and Lapex) were significantly higher in both men and women of the age group 60-69 years (P = 0.036 for men and P = 0.038 for women) than in any of the younger age groups. In the softpalatine area in males, the thresholds were significantly higher in subjects aged 20-29 years and ←60 years than in the other age groups. In females 10-14 years of age, statistically significant lower Lapex values than Rapex values were measured.
We have found statistically significant differences between the left and the right side of the tongue by all age groups. These respective P-values resulting from the comparisons vary between 0.002 (statistical difference Lval/Rval in men of age group 30-39, 60-69 and ≥70 years) and 0.05 (statistical difference Lapex/Rapex in men of the same age group). In male subjects of age group 10-14 years, the EGM thresholds at Lval are significantly lower than those of Rval (P = 0.001). The female subjects of the same group (range: 10-14 years) present lower thresholds in all loci of the left side. Both male and female subjects of age group 15-19 years have lower EGM thresholds on the right side in comparison to the left side. In female subjects of age group 20-29 years, the EGM thresholds of Lapex are lower than those of Rapex (P = 0.02), but the EGM thresholds of Rval (P = 0.04) and Rpal (P = 0.03) are lower than those of the left side. In male subjects of the same age group, the right side seems to be more sensitive than the left one (P = 0.02 Lapex/Rapex, P = 0.002 Lval/Rval, and P = 0.01 Lpal/Rpal). The female subjects of age group 30-39 years present lower thresholds in Lapex (P = 0.02) and in Lval (P = 0.02). Both male and female subjects of age groups 40-49 years and 50-59 years present lower thresholds on the right side. In the left soft palate of both male and female subjects of age group 60-69 years, the EGM thresholds are lower (P = 0.03 for both groups). The EGM thresholds in Lval of male subjects older than 70 years are significantly lower than those in Rval (P = 0.002).
We have also observed statistical differences between the EGM thresholds of both the sexes. Differences have been observed on different loci on the tongue as depicted in Table 4 . Our results show that in the age group 10-14 years, the female subjects present lower EGM thresholds on the tip of the tongue and at the area of the left vallate papillae. At both sides of the vallate papillae, females in the age group 15-19 years have lower thresholds than males. Females in the age groups 20-29 years and 60-69 years have a better taste acuity on the right tongue apex than males as they present lower EGM thresholds. Males in the age groups both 40-49 years and 50-59 years present lower EGM thresholds at all 6 loci. This seems to be quite the same for the age groups 60-69 years (with the exception of the right tongue apex) and >70 years (except for the area of the left vallate papillae).
fPap structure
Changes in shape and density of fPap as well as in vascularization of the tip of the tongue were evaluated by means of CE. It should be mentioned that no change in vascularization or shape has been observed during the examination. Shape of fPap and vascularization of the tongue tip deteriorated significantly, as it can be observed with the use of Negoro's classification, in individuals aged ←60 years. No statistically significant differences in fPap shape and in tongue tip vascularization between the two sexes were detected within the same age group, except in subjects aged 10-15 years (P = 0.043) and 20-29 years (P = 0.048) in which findings were better in females than in males ( Changes in density of fPap were present in both men and women in a rather nonuniform manner as a result of age, as shown in Table 6 . Greater density of fPap was observed in females than in males in age groups 30-39 years (P = 0.041) and 40-49 years (P = 0.043). These are the only significant differences observed.
Correlation between EGM thresholds and fPap structure
Calculation of the Kendall rank correlation coefficient disclosed a strong relationship between EGM thresholds and vascularization of the tip of the tongue in both females and males, EGM thresholds and vascular shape at the tip of the tongue, and taste thresholds and density of the fPap. A definite increasing correlation with increasing age has been observed. The respective correlation coefficients for both the sexes and all age groups are depicted in Figures 2 and 3 .
As it can be seen in these figures, there is a more apparent correlation between EGM thresholds and vascularization, EGM thresholds (Loci Rapex and Lapex) and shape of fPap, and EGM thresholds and fPap density in males than in females. This general trend is inversed only regarding the correlation between EGM thresholds and fPap shape in the age groups 10-14 years (τ = 0,40), 50-59 years (τ = 0.67), and 60-69 years (τ = 0.73), in which correlation is better in males than in females. We should mention that the statistical analysis with the use of tau-Kendall criterion aims mainly to show the rising correlation between age and the characteristics of fPap, which is the purpose of the present study.
Discussion
In continuity to the work of other investigators, we concentrated on the study of the fPap. As a result, our findings can be compared with the results of previous studies. To date, there are no data on the correlation of EGM thresholds with morphological data obtained by use of CE in a relatively large group of individuals. The present study made use of techniques that may be easily implemented in both an inpatient and outpatient clinical setting. EGM can be used in the clinical routine for a variety of clinical purposes, In bold are depicted the cases in which the female group showed lower EGM thresholds compared with men.
In all other cases EGM thresholds were lower in males than in females. including the evaluation of taste-acuity in patients suffering from various associated diseases. EGM has the advantage that the range of measurement can remain constant and always valid, that the control of stimuli (results measured in dB) is quantitative, and that the period required for testing is short. Examination by means of CE has the advantage of the rapid assessment of the shape and vascularization of fPap. Moreover, from a patient's point of view, the CE procedure is simple and the gag-reflex or other complaints that could lead to the interruption of the evaluation are avoided. Krarup (1958) measured EGM thresholds in 140 normal subjects using a site on the edge of the tongue para-medially, around 1.5 cm from the midline (tip of the tongue), and found that taste thresholds increase as a function of age in a rather linear way. Fons (1976) used the same technique and performed recordings from the same site in 80 adults, reporting higher thresholds in subjects aged ←40 years than in younger subjects.
During our EGM measurements, delivery of the same stimulus to all subjects was achieved by keeping the size of the stimulated area stable (5 mm in diameter). Thresholds Figure 1 Localizations of EGM threshold measurements. The sites have been chosen to evaluate the function of the chorda tympani, glossopharyngeal, and greater petrosal nerves. Site A in picture corresponds to right soft pallate (Rpal), site B to right vallate papillae (Rval), and site C to right tongue apex (Rapex). Sites D, E, and F refer to the left side of tongue tip, vallate papillae, and soft palate, respectively. Age group Type1&A  Type1&B  Type1&C  Type2&A  Type2&B  Type2&C  Type2&D  Type3&B  Type3&C  Type4&D   f  m  f  m  f  m  f  m  f  m  f  m  f  m  f  m  f  m  f  m   10-14  78  63  22  23 Tongue tip worsened significantly, as it can be observed as columns go from left to right (1 to 3 and A and D).
The reader should bear in mind the Negoro's classification, as it has been already presented in the text. vary across discrete regions of the anterior tongue and are specifically related to the density of fPap within the stimulated areas (Miller et al. 2002) . The same authors found that at a given tongue locus the mean electrical threshold values were lower for a 50 mm 2 stimulated area than for a 12.5 mm 2 stimulated area. The present study showed that EGM thresholds increase with age, although not in a simple uniform linear way. Interestingly, in certain younger age groups EGM thresholds were higher than in some older ones. This finding is in agreement with a previous report (Tomita et al. 1986) according to which in the age group 11-15 years (regardless of sex), the highest electric taste sensation is recorded at the areas innervated by the chorda tympani at the anterior part of the tongue. Up to 40 years of age, the threshold value curve takes a mild slope (Coates 1974) . As a rule, no difference between sexes in threshold detection was present. Krarup (1958) found that EGM thresholds increase with age in a linear way. Our finding, that EGM thresholds increase nonuniformly (and certainly nonlinearly) with age, agrees in part with results reported by Coates (1974) who measured EGM thresholds at the tongue tip of 249 subjects with apparently normal gustatory function and found that EGM thresholds tend to increase with age, although differences in thresholds between young and older subjects had not been statistically significant.
The relatively great number of the examined subjects gave the opportunity to provide robust findings about the differences in EGM thresholds between the right and the left side of the tongue. Our findings on the differences in thresholds between the right and the left side agree more with the findings of Nakazzato et al. (2002) . These authors examined 461 individuals, both smokers and nonsmokers (age range: 15-94 years), and found that the standard deviations for the differences between right side and left side thresholds ranged between 2 dB and 5 dB for the chorda tympani area, between 1.5 dB and 4 dB for the glossopharyngeal nerve area, and between 3 dB and 4 dB for the greater petrosal nerve area; the differences reached statistical significance in the case of the greater petrosal nerve only in males 15-19 years of age and in the case of the glossopharyngeal nerve area only in females in their fifth decade of life.
A finding which needs further investigation is the difference between the two sides of the tongue. In the present study, the right side of the tongue seems to have lower EGM thresholds, with the exception of some loci on the left side in different age groups. Our findings are in agreement with the findings of previous studies, such as that of Stillman et al (2000) . In this study, an automated computer-controlled testing paradigm was used to obtain threshold estimates simultaneously from the left and right sides of the tongue in 97 volunteers aged between 17 years and 63 years. A small but statistically significant advantage was found for thresholds from the right side of the tongue (P < 0.01). The findings of are also interesting. Taste thresholds were measured using EGM by the same researcher at 3 pairs of sites in the mouth (soft palate, tongue tip, and tongue base) in both smokers and nonsmokers (n = 461; age range: 15-94 years). Comparison of the results by decades of life showed that the threshold increased significantly with age, starting at age 60 years for areas innervated by the chorda tympani and glossopharyngeal nerves and at age 70 years for areas innervated by the greater petrosal nerve. For the older teenage subjects, females had significantly lower thresholds than males, and thresholds for women tended to be lower Figure 2 The scatter-diagrams depict the values of τ-Kendall's criterion for the regression-analysis between the EGM thresholds and the type of vascularization on the left side (Lapex) for every age group examined (for both sexes),the values of τ-Kendall's criterion for the regression-analysis between the EGM thresholds, and density of fPap on the left side for every age group examined (for both sexes) and the values of τ-Kendall's criterion for the regression-analysis between the EGM thresholds and shape of fPap on the leftt side for every age group examined (for both sexes).
by guest on November 4, 2016 http://chemse.oxfordjournals.org/ Downloaded from than those for men at all sites examined. Thresholds for the two sides of the tongue were within approximately 6 dB of each other. Left-right differences were also found in the study by Kluyskens and Vandenhove (1969) . In their clinical setting, they stimulated the chorda tympanic region of the human tongue electrically; they found that the majority of their subjects (N = 117) showed a left-right sensitivity difference, the right side being more sensitive about twice as often as the left. On the contrary, in other reports, no sidedifference was observed (Krarup 1958) . This difference in findings can be attributed to different EGM devices and different examination methods. The use of the described psychophysical paradigm increased the reliability of our measurements. Nonetheless, a possible right side bias in EGM threshold values may possibly stem from the fact that all subjects were first tested on the right side. The number of taste buds on the surface of individual human fPap has been estimated using various methods. Arvidson (1979) and Miller et al. (2002) used light microscopy to examine longitudinal serial sections of fPap taken from cadavers. Cheng and Robinson (1991) used Ponceau S red and Alcian blue staining in varying degrees of acidity to obtain a more accurate count of the papillae in 26 tongues of human cadavers, aged 12-92 years (Cheng and Robinson 1991) . CE has been used previously to assess the vascularization, shape, and density of fPap (Just et al. 2006) . The use of CE has the advantages that the procedure is not timeconsuming (it lasts 10-15 min for each examined person) and is noninvasive. Of note, CE cannot detect taste pores. Even after methylene blue staining, reliable detection of taste pores may not be achieved (Just et al. 2006) .
Moreover, results of the present study are in agreement with previous studies showing a substantial interindividual variation of papillae numbers and density (Negoro et al. 2004 ). Essig et al. (2003) evaluated 83 young adult females and found that taste thresholds-recorded using 6-n-propyl-2-thiouracil (chemogustometry)-4 were less dependent on the density of papillae for normal tasters than for supertasters, thus suggesting a nonuniform relation between these 2 variables. The findings of the present study suggest similarly that, equally in men and women, the density of fPap does not uniformly inversely correlate with the EGM thresholds, and that it certainly does not correlate in a simple linear fashion (Paran et al. 1975) . Regarding fPap density, the present study indicates that the number of fPap/ cm 2 remains unchanged with age (Table 5 ). EGM thresholds deteriorated with age. FPap density correlated more evidently with EGM thresholds in older age groups than in younger individuals. The reported correlation values are those of the 60-69 years.
The use of CE provided the advantage to study the vascularization of the tongue tip and the shape of the fPap. Results of this study suggest that these 2 parameters are significantly associated with taste acuity as assessed by EGM. Nonetheless, it should be stressed again that not all fPap contain taste buds (and, therefore, not all fPap produce taste sensation; Miller et al. 1986 ) and that there are variations in sensitivity of fPap to chemical stimuli (Just et al. 2003) .
We conclude that age shows an inverse, although nonlinear, relationship to taste acuity as measured by EGM. Density of fPap seems to play an important role in taste acuity in females aged >60 years and males aged >50 years. Shape and Figure 3 The scatter-diagram depicts the values of τ-Kendall's criterion for the regression-analysis between the EGM thresholds and shape of fPap on the right side for every age group examined (for both sexes), the values of τ-Kendall's criterion for the regression-analysis between the EGM thresholds and the type of vascularization on the right side of the tongue tip (Rapex) for every age group examined (for both sexes) and the values of τ-Kendall's criterion for the regression-analysis between the EGM thresholds and density of fPap on the right side for every age group examined (for both sexes).
by guest on November 4, 2016 http://chemse.oxfordjournals.org/ Downloaded from vascularization of the fPap emerge as factors affecting taste function in subjects of both the sexes aged >60 years. From a morphological perspective, the density of fPap is more susceptible to the aging process in males than fPap shape and tongue tip vascularization are. A strong correlation exists between EGM thresholds and vascular shape at the tongue tip (τ = 0.73) in females, especially those belonging in the age group 50-60 years. Despite the review of literature, we cannot give a sufficient explanation about the side differences in biological terms. We believe that this is an issue that needs further research.
